Sialic acids of cell surface glycoproteins and glycolipids play a pivotal role in the structure and function of animal tissues. The pattern of cell surface sialylation is speciesand tissue-specific, is highly regulated during embryonic development, and changes with stages of differentiation. A prerequisite for the synthesis of sialylated glycoconjugates is the activated sugar-nucleotide cytidine 5-monophosphate N-acetylneuraminic acid (CMP-Neu5Ac), which provides a substrate for Golgi sialyltransferases. Although a mammalian enzymatic activity responsible for the synthesis of CMP-Neu5Ac has been described and the enzyme has been purified to near homogeneity, sequence information is restricted to bacterial CMP-Neu5Ac synthetases. In this paper, we describe the molecular characterization, functional expression, and subcellular localization of murine CMPNeu5Ac synthetase. Cloning was achieved by complementation of the Chinese hamster ovary lec32 mutation that causes a deficiency in CMP-Neu5Ac synthetase activity. A murine cDNA encoding a protein of 432 amino acids rescued the lec32 mutation and also caused polysialic acid to be expressed in the capsule of the CMP-Neu5Ac synthetase negative Escherichia coli mutant EV5. Three potential nuclear localization signals were found in the murine synthetase, and immunofluorescence studies confirmed predominantly nuclear localization of an N-terminally Flag-tagged molecule. Four stretches of amino acids that occur in the N-terminal region are highly conserved in bacterial CMP-Neu5Ac synthetases, providing evidence for an ancestral relationship between the sialylation pathways of bacterial and animal cells.
Sialic acids form terminal residues of cell surface glycans and affect the chemical properties of cell surfaces. Several of the Ͼ30 naturally occurring sialic acids are involved in the formation of cellular recognition structures and the regulation of cell-cell interactions during embryonic development (reviewed in refs. 1 and 2). Highly malignant tumors overexpress sialic acid and polysialic acid (PSA) (3, 4) , and drugs inhibiting sialylation reduce tumor growth and metastasis (5, 6) . In bacteria, sialylated and polysialylated capsular components provide important virulence factors mediating resistance to host defense mechanisms (reviewed in ref. 7) .
The synthesis of sialic acids in pro-and eukaryotic cells begins with UDP-N-acetylglucosamine (UDP-GlcNAc), which becomes epimerized to UDP-N-acetylmannosamine (ManNAc) by the enzyme UDP-GlcNAc 2-epimerase (enzyme code 5.1.3.14). Although in bacteria, two pathways exist to obtain N-acetylneuraminic acid (Neu5Ac) directly from ManNAc (8) , three consecutive steps are required to produce Neu5Ac in the eukaryotic cell (reviewed in ref. 9 ). Activation of Neu5Ac to the nucleotide sugar cytidine 5Ј-monophosphate (CMP)-Neu5Ac is required to provide the donor used by sialyltransferases of both pro-and eukaryotic cells (10, 11) , and this reaction is catalyzed by CMPNeu5Ac synthetases (enzyme code 2.7.7.43; 9).
In the mammalian cell, activation of free sialic acid to CMPsialic acid is necessary for several reasons: (i) Sialyltransferases are Golgi residents, and only CMP-Neu5Ac, not free sialic acid, is transported specifically into the Golgi lumen (11) ; (ii) the sugar nucleotide and not free Neu5Ac is the substrate of sialic acid modifying enzymes (12, 13) ; and (iii) the cytosolic pool of CMP-Neu5Ac controls the activity of the upstream enzyme UDP-GlcNAc 2-epimerase in a feedback mechanism (14, 15) . Therefore, the enzyme responsible for producing CMP-Neu5Ac, CMP-Neu5Ac synthetase, is an ideal target for exogenous regulation of the sialylation pathway in mammalian cells.
Partially purified CMP-Neu5Ac synthetases from different animal tissues have been characterized (reviewed in ref. 10 ). In the course of these experiments, the surprising observation was made that, in nucleated cells, Ͼ90% of the CMP-Neu5Ac synthetase activity associates with the nuclear fraction. This is in marked contrast to other nucleotide-sugar synthetases that are found in the cytoplasm (16) . Furthermore, activation by CTP is restricted to sialic acids and 2-keto-3-deoxy-mannooctulosonic acid. These sugars react with CTP to give sugar nucleotide monophosphates (17, 18) . All other nucleotide sugars are nucleotide diphosphates.
Although the biosynthetic pathway leading to CMP-Neu5Ac has been known for Ͼ30 years (19, 20) , molecular information on the enzymes involved at each step is restricted to bacteria (8, 21) . In mammals, only two enzymes of the pathway are characterized: UDP-GlcNAc 2-epimerase and ManNAc kinase are part of one bifunctional molecule (15, 22) . In this study, we report the molecular characterization of the murine CMP-Neu5Ac synthetase. (23) . mAb 735 that binds ␣-2,8-linked PSA chains (24) was used after purification on protein A-Sepharose (Pharmacia).
Cell Culture. Chinese hamster ovary (CHO)-K1 cells were maintained in DMEM Ham's medium F12 (Seromed, Berlin) supplemented with 1 mM sodium pyruvate and 5% fetal calf serum, LEC29 (25), and LEC29.Lec32 cells (26) in Alpha-MEM (GIBCO͞BRL) supplemented with 2 mM glutamine, 1 mM sodium pyruvate, and 10% fetal calf serum and NIH 3T3 cells (ATCC CRL 1685) in Eagle's minimal essential medium (GIBCO͞BRL) supplemented with 10% fetal calf serum. Culture media usually contained penicillin and streptomycin at a concentration of 100 units per milliliter.
Expression Cloning. An oligo(dT)-primed cDNA library constructed from the murine pituitary cell line AtT20 in the eukaryotic expression vector pABE (27) was used for complementation cloning. After transformation into Escherichia coli MC1061͞p3, the library was plated at a density of Ϸ2,000 cfu per plate, and plasmids were isolated with the Plasmid Mini Kit (Qiagen, Hilden, Germany) from each pool. For transfection, 2 ϫ 10 5 LEC29.Lec32 cells were cotransfected with 500 ng of library pool DNA (or with the empty vector pABE for negative control) and 500 ng of plasmid pPSVE1-PyE, which encodes the polyoma large T antigen (28) . Two days after transfection using Lipofectamine (GIBCO͞BRL), PSA-positive transfectants were identified immunohistochemically with mAb 735 as described (27) . One of 48 pools was positive. This pool was subdivided, and the transfection procedure was repeated. After three additional rounds of sibling selection, plasmid pAM15 was isolated.
A major difficulty in cloning was that LEC29.Lec32 cell populations contain PSA-positive pseudo and bona fide revertants. To keep the background low, daily removal of PSA-expressing cells was achieved by panning (29) on dishes coated with the mAb 735.
DNA sequencing on both strands was performed by the dideoxy chain termination method (30) using T7 DNA polymerase (Pharmacia) or Thermosequenase (United States Biochemical) and [␣- 35 S]-dATPs. Reactions were primed with vector-specific oligonucleotides and subsequently with primers derived from the known sequence of the cDNA.
Construction of Expression Vectors. The eukaryotic expression vector pFlagB1 was prepared by ligating the oligonucleotides FLAGs (5Ј-CGCCACCATGGACTACAAGGATGATGATG-ATAAGG-3Ј) and FLAGas (5Ј-GATCCCTTATCATCATCA-TCCTTGTAGTCCATGGTGGCGGTAC-3Ј), which encode the Flag M5 epitope (N-MDYKDDDDK-C) and carry the KpnI and BamHI restriction sites (italicized) into the KpnI͞BamHI sites of the eukaryotic expression vector pCDNA3 (Invitrogen). For pAM16Flag, the entire coding region of the CMP-Neu5Ac synthetase was isolated from pAM15 by using BstXI and NotI and was ligated into the corresponding sites of the vector pFlagBI (resulting in plasmid pCMP2). To obtain in-frame fusion of the Flag-and CMP-Neu5Ac synthetase sequences, the 5Ј-end of CMP-Neu5Ac synthetase was amplified by PCR by using the primers AM34 (5Ј-CGGGATCCGACGCGCTGGAGAAGG-GGGCC-3Ј) and AM27 (5Ј-CCCTGTAAGTAACCCATCTC-3Ј), which bind to nucleotides 4-24 and 670-689 of the coding sequence, respectively. The PCR product was digested with BamHI and EcoRI (restriction site at 376 of the coding sequence) and was ligated into the BamHI͞EcoRI sites of the plasmid pCMP2. The resulting plasmid pAM16Flag contains an Nterminally Flag-tagged CMP-Neu5Ac synthetase.
To introduce the murine CMP-Neu5Ac synthetase cDNA into the prokaryotic expression vector pQE30 (Qiagen), pAM16Flag was digested with BamHI and XhoI, and the restriction fragment was ligated into the corresponding sites of pQE30 to create pQEAM16.
Immunof luorescence. NIH 3T3 cells, cultured on glass coverslips, were transfected with varying amounts of either pAM16Flag or pFlagB1 by using SuperFect (Qiagen). After 24-30 hours, cells were fixed in 4% paraformaldehyde in PBS (10 mM sodium phosphate, pH 7.4͞150 mM NaCl) for 22 min at room temperature and were permeabilized with 0.2% Triton X-100͞PBS for 8 min at room temperature. The Flag epitope was detected by sequential incubation with anti-Flag mAb M5 (Kodak) (diluted 1:500) and fluorescein (DTAF)-conjugated goat anti-mouse Ig (Dianova, Hamburg, Germany) diluted 1:200 in PBS containing 20% horse serum. Antibody incubations were carried out for 30 min at 37°C. Control staining with the nuclear dye 2-[4-hydroxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5Ј-bi-1H-benzimidazole (Hoechst 33258, Hoechst Pharmaceuticals) was performed at a concentration of 650 ng͞ml for 4 min at room temperature. Fluorescence labeling was visualized by using a Zeiss Axioplan microscope.
Functional Expression of CMP-Neu5Ac Synthetase. PSA or sialic acid expression and enzyme activity of cell lysates were used as a measure of CMP-Neu5Ac synthetase activity in homologous and heterologous systems. For Western blot experiments, SDS͞Page was performed on 8-10% polyacrylamide gels. Western blots were developed with the anti-Flag antibody M5, the PSA specific mAb 735, and digoxigeninlabeled Maackia amurensis (MAA) lectin (Boehringer Mannheim), which specifically binds to sialic acid ␣-2,3-linked to galactose. Immunoreactions were performed as described (27) or according to manufacturers instructions.
To rescue the lec32 mutation, 3 ϫ 10 6 transiently transfected LEC29.Lec32 cells were harvested 48 h after transfection, were lysed in 200 l lysis buffer (50 mM Tris, pH 8.0͞1% Nonidet P-40͞2 mM EDTA͞1 mM MgCl 2 ͞1 mM PMSF͞10 units͞ml aprotinin) and were analyzed by Western blot analysis before and after endoNE digestion of the samples as described (31) .
Heterologous expression of the murine CMP-Neu5Ac synthetase in E. coli strain EV5 (32) was examined by transforming either 10 ng of pQEAM16, the empty vector pQE30 (Qiagen), or plasmid pUE17 (33) encoding the CMP-Neu5Ac synthetase from Neisseria meningitidis serogroup B (kindly provided by M. Frosch, University Würzburg, Germany). Protein expression was induced with 0.2 mM isopropyl-␤-Dthiogalactoside. Bacteria were harvested after 2 h, were sonicated, and were analyzed for PSA-capsule expression by Western blot analysis with mAb 735 before and after treatment with endoNE.
To assay CMP-Neu5Ac synthetase activity, LEC29.Lec32 cells were cotransfected with either 5 g pAM15 or empty vector pABE mixed with 1 g of the plasmid PSV2NEO by using Lipofectamine (GIBCO͞BRL). Stable transfectants were selected with 1 mg͞ml G418 (GIBCO͞BRL). Colonies were isolated as a pool with 5 mM EDTA in PBS, and CMP-Neu5Ac synthetase activity was assayed by using 14 CNeu5Ac as described (26) .
To investigate the subcellular localization of CMP-Neu5Ac synthetase, a Flag-tagged protein was expressed in LEC29.Lec32 cells by using the vector pAM16Flag. Transfected cells were harvested after 48 h, and cytosolic and nuclear fractions were prepared (34) and analyzed by Western blot analysis with the anti-FLAG mAb M5.
Northern and Southern Blot Analyses. Total RNA from murine tissues and cell lines was isolated by guanidinium isothiocyanate extraction and centrifugation through CsCl gradients. Total RNA (15 g) was fractionated on a 1% agarose gel (0.5 M formaldehyde) and was transferred to a nylon membrane. Blots were hybridized with a digoxigeninlabeled antisense RNA probe transcribed from the coding region of the murine CMP-Neu5Ac synthetase cDNA (nucleotides 376 to 1299) subcloned into pBluescript (Stratagene). Hybridization was performed for 16 h at 68°C in 50% formamide, 5ϫ standard saline citrate (SSC), 50 mM sodium phosphate, 7% SDS, 0.1% N-lauroylsarcosine, and 2% blocking reagent (Boehringer Mannheim). Membranes were washed in 0.1ϫ SSC and 0.1% SDS at 68°C for 30 min, and bound RNA probes were revealed as described (27 Genomic DNA from wild-type (wt) LEC29.Lec32 and a revertant cell line was digested with BamHI BglII, NcoI, NsiI, PvuI, SacI, StuI, or XbaI. After electrophoresis on 0.8% agarose, the gel was blotted to Hybond-N membrane (Amersham) and was hybridized to a 569-bp SacI͞BlpI fragment excised from pAM15 and labeled with 32 P-dCTP by random oligonucleotides (Prime It, Stratagene). Hybridization was at 42°C overnight, and blots finally were washed in 0.5ϫ SSC and 0.1% SDS at room temperature.
DNA and Protein Sequence Analysis. Homology searches were performed at the National Center for Biotechnology Information by using the algorithm GAPPED BLAST and PSI-BLAST (35) and the databases SwissProt, the Protein Database, SPupdate, and Trembl. For multiple alignments ALIGN (36) was used. Motif searches were carried out with MEME (37), BLOCKMAKER (38) , and MAST (37) .
RESULTS
Isolation of a Murine CMP-Neu5Ac Synthetase cDNA. CHO cells with a defect in CMP-Neu5Ac synthetase activity have been isolated recently on the background of the dominant LEC29 CHO mutant (26) . The LEC29 mutation activates an ␣(1,3)fucosyltransferase normally not expressed in CHO cells (25) whereas the recessive mutation lec32 essentially abolishes CMP-Neu5Ac synthetase activity (26) . Sialylation of glycoproteins and glycolipids is reduced Ͼ95% by the lec32 mutation (26) and leads to loss of PSA on the neural cell adhesion molecule (39) in LEC29.Lec32 cells (see Fig. 2 ). Reexpression of PSA would identify transformants in which the lec32 mutation is complemented. This cloning strategy provides a rapid and highly sensitive way to isolate genes involved in sialylation pathways (27, 39, 40) .
To obtain a cDNA that complements the lec32 mutation, plasmid pools of 2,000 cfu from a cDNA library of the murine pituitary tumor cell line AtT20 were transfected together with the pPSVE1-PyE plasmid that contains the polyoma large T antigen (28) into LEC29.Lec32 cells. Before transfection, revertants expressing PSA were depleted by panning on the PSA-specific mAb 735. Pools with positive transfectants were identified by immunohistochemistry with mAb 735. After four rounds of sibling selection, a single cDNA clone named pAM15 was isolated.
Nucleotide Sequence and Deduced Amino Acid Sequence. The insert of 1,712 nucleotides contained in clone pAM15 predicts a protein of 432 amino acids with a calculated molecular mass of 48,058 Da (Fig. 1) . Only seven nucleotides upstream of the translation initiation codon were present in the cDNA, but an A at position Ϫ3 and a G at position ϩ4 of the start codon ATG form part of a consensus motif for eukaryotic translation initiation (41) . Extension of the 5Ј-sequence by 5Ј-RACE yielded an additional 20 nucleotides and did not identify an additional in-frame ATG. The 3Ј-noncoding region contains a polyadenylation signal AATAAA starting 20 bp upstream of the Poly(A) tail. Two potential N-glycosylation sites were present at amino acids 212 and 427. Consistent with predictions that CMP-Neu5Ac synthetase activity is in the nucleus of eukaryotic cells (16, 42) , the primary sequence shows three clusters of basic amino acids that could serve as nuclear localization signals (open boxes in Fig. 1) .
pAM15 Rescues the lec32 Mutation. Sialylation patterns of wt CHO cells and the mutants LEC29 and LEC29.Lec32 were compared by Western blot analysis with PSA-specific mAb 735 (ref. 24 ; Fig. 2 Left) and MAA lectin that specifically binds ␣-2,3-linked sialic acids (ref. 43 ; Fig. 2 Right). The heterogeneous smear at Ϸ250 kDa shows that wt and LEC29 cells express almost identical levels of PSA, which is bound to the neural cell adhesion molecule in CHO cells (39) . Both cell lines also bind similar amounts of MAA. In contrast, signals from both reagents are reduced markedly in the double mutant LEC29.Lec32. The faint staining observed with MAA and stronger staining with the highly sensitive mAb 735 can be explained by revertants or leakiness of the lec32 mutation (26) . Binding of mAb 735 was abolished after digestion with the PSA-specific endoNE (23). LEC29.Lec32 transfectants expressing the pAM15 cDNA exhibited wt staining for both reagents, showing that pAM15 rescues the lec32 mutation.
Nuclear Localization of Flag-tagged CMP-Neu5Ac Synthetase. To study the subcellular distribution of murine CMP-Neu5Ac synthetase, an N-terminally Flag-tagged CMP-Neu5Ac synthetase (pAM16Flag) was expressed transiently in LEC29.Lec32 cells. In Western blot analysis (Fig. 3) , the anti-Flag mAb M5 detected a single band of Ϸ50 kDa only in pAM16Flag transfected cells, and no signal was detected in mock transfected cells. The signal was most prominent in nuclear extract, but a faint band also could be detected in the cytoplasmic fraction. The apparent molecular mass of 50 kDa is in good agreement with the calculated molecular mass of 48 kDa. Strong nuclear localization (Fig. 4) . The immunofluorescence signal obtained with mAb M5 in transfected cells exactly colocalized with nuclei stained by Hoechst 33258. Although strong nuclear staining was obtained at low levels of transgene expression, at high cDNA concentrations or transfection efficiency, a faint cytosolic staining was visible beside the strong nuclear signal (data not shown). Enzymatic Activity of Recombinant CMP-Neu5Ac Synthetase. To show that pAM15 caused expression of CMPNeu5Ac synthetase activity in transfectants, LEC29.Lec32 cells were cotransfected with pAM15 cDNA and pSV2neo, and stable transfectants selected with G418 were assayed for CMP-Neu5Ac synthetase activity. Compared with the vector control, synthetase activity was increased by a factor of Ϸ22 in cells transfected with pAM15 (Table 1) .
To demonstrate complementation in a heterologous system, E. coli EV5, which is a capsule negative mutant of the neuroinvasive strain E. coli K1, was transfected with the CMP-Neu5Ac synthetase cDNA. The loss of the PSA capsule in EV5 was caused by a mutation in the CMP-Neu5Ac synthetase gene (32) . For expression in E. coli, the coding region of pAM15 was cloned into the bacterial expression vector pQE30 to give pQEAM16. Plasmid pUE17 (33) containing the CMP-Neu5Ac synthetase from N. meningitidis was transfected as a positive control. Transfer of either the N. meningitidis B gene (pUE17) or the mammalian CMP-Neu5Ac synthetase gene (pQEAM16) but not the empty vector QE30 induced expression of the endoNE-sensitive PSA capsule (Fig.  5) .
Northern and Southern Blot Analyses. In Northern blots hybridized with a CMP-Neu5Ac synthetase probe, a band of Ϸ2 kb was obtained with RNA from CHO cells and mouse tissues but not with RNA from LEC29.Lec32 cells (Fig. 6 ). Equal loading of the gel was confirmed by ethidium bromide staining (data not shown). Therefore, the lec32 mutation either reduces transcription of the CMP-Neu5Ac synthetase gene or dramatically decreases the stability of transcripts. The latter seems likely because low levels of sialylated glycoproteins are present in LEC29.Lec32 cells (26) , and CMP Neu5Ac synthetase transcripts were detectable by reverse transcription-PCR. A revertant selected with ricin possessed wt levels of the 2-kb transcript (data not shown). Proc. Natl. Acad. Sci. USA 95 (1998) Southern analysis was performed with genomic DNA from wt LEC29.Lec32 and revertant cells after digestion of genomic DNA with eight different restriction enzymes. All digests gave rise to the same pattern of two or more hybridizing bands with a 560-bp probe from the coding region (data not shown). Therefore, the lec32 mutation does not appear to have arisen from a major gene rearrangement.
DISCUSSION
The expression cloning of mammalian CMP-Neu5Ac synthetase brings to three the glycosylation genes that have been isolated by using reexpression of PSA detected by mAb 735 as the criterion for complementation of a glycosylation defect (27, 39, 40) . The strategy may be applied to cloning any gene whose inactivation causes a severe reduction in sialic acid addition to cell surface glycans such that PSA is not synthesized. Once complementation of the defect occurs, mAb 735 will detect PSA with an unusual high sensitivity because a single PSA chain provides a multitude of epitopes for this mAb. Thus, leaky mutations and revertants present significant problems as noted herein. The lec32 mutation causes an asialo phenotype similar to the lec2 CHO mutation, which inhibits the transport of CMPNeu5Ac into the lumen of the Golgi apparatus (27, 40, 44) . Although clones exhibiting the lec2 defect have been isolated in different laboratories and from different cell lines (reviewed in ref. 45) , the lec32 mutation has so far appeared only once. Moreover, in contrast to Lec2 mutants, LEC29.Lec32 populations generate revertants at a rather high frequency, perhaps indicating a growth advantage for cells expressing an active CMP-Neu5Ac synthetase. However, revertants do not confound assays of synthetase activity (ref. 26 and Table 1) or Northern blot analysis (Fig. 6) .
Evidence that the cDNA cloned by complementation of LEC29.Lec32 cells is indeed a mammalian CMP-Neu5Ac synthetase comes from several sources: (i) The sequence contains four motifs highly conserved in bacterial CMPNeu5Ac synthetases (Table 2) ; (ii) the sequence contains three putative nuclear localization signal sequences, and cell fractionation (Fig. 3) and immunofluorescence (Fig. 4) show that it is localized predominantly to the nucleus, as predicted from previous studies (16, 42, 46) ; (iii) transfection of the cloned cDNA into LEC29.Lec32 cells corrects all aspects of the Lec32 phenotype ( Fig. 2 and Table 1 ); and (iv) the cDNA rescues the E. coli K1 mutant EV5 that has a mutation in the CMPNeu5Ac synthetase gene (47) . The purification of CMPNeu5Ac synthetase from bovine anterior pituitary glands has been reported recently (48) , and its migration in SDS͞PAGE is in good agreement with that of the murine CMP-Neu5Ac synthetase (Fig. 3) . By contrast, no similarity exists between the murine synthetase and the protein reported as rat liver CMP-Neu5Ac synthetase (49) . The N-terminal sequence and amino acid composition of the molecule purified from rat liver differs completely from the sequence we obtained, and, thus, it appears that the molecule from rat liver is not a CMPNeu5Ac synthetase.
Studies aimed at defining the biosynthesis of bacterial capsules have identified six bacterial CMP-Neu5Ac synthetases (ref. 50 and references therein). Moreover, in Campylobacter coli, a gene involved in the sialylation of flagellin has been reported to express significant homology to CMP-Neu5Ac synthetases (51, 52) , but whether this molecule functions as an enzyme is presently not known. Alignment of murine CMP-Neu5Ac synthetase to their bacterial orthologues reveals a degree of homology identical to that found within the group of bacterial enzymes. Four highly conserved motifs, which are expressed at almost identical positions in the bacterial enzymes, also were found in the murine sequence (Table 2) . Although there is little data on the functional relevance of these motifs, motif I, which is most N-terminally located, fulfills essential catalytic functions (53) . The motif shares homology to other nucleotidyltransferases and therefore is believed to be part of the CTP-binding site (50) . It seems likely that the preservation of the four motifs is responsible for the catalytic activity of the mammalian enzyme in E. coli. CMP-Neu5Ac synthetase is the first enzyme involved in the metabolism of sialic acid that shows strong conservation from bacteria to mammals.
An intriguing feature of CMP-Neu5Ac synthetase is its predominant localization to the nucleus because other nucleotidesugar synthetases localize to the cytoplasm. However, Ϸ10% of the enzyme activity was detected in the cytoplasmic fraction (42, 54) , and a single report (55) identified 1% of the enzymatic activity in a Golgi fraction. Although we never saw Golgi localization, overexpression of the gene in the LEC29.Lec32 and NIH 3T3 cells gave a faint cytoplasmic signal in Western blots (Fig. 3) and immunofluorescence experiments. With the availability of recombinant enzyme and the potential to express cytoplasmic variants, it will be possible to determine whether nuclear localization is essential to fully complement the lec32 mutation. It may be that nuclear localization of the synthetase functions to partially sequester CMP-Neu5Ac from the cytoplasm. CMP-Neu5Ac is an allosteric inhibitor of UDP-GlcNAc 2-epimerase, the enzyme that initiates sialic acid synthesis (14, 15) and thereby regulates its own production. Moreover, storage of free CMP-Neu5Ac in the nucleus may be necessary to protect the nucleotide-sugar against modifying activities located in the cytoplasm, such as the hydroxylase that converts Neu5Ac to N-glycolylneuraminic acid (NeuGc) by acting on CMP-Neu5Ac (12, 13) . Finally, the localization of a large proportion of CMP-Neu5Ac synthetase to the nucleus potentially indicates a second cellular function for this enzyme or its product. Studies aimed at generating soluble forms FIG. 6 . Northern blot analysis of total RNA isolated from CHO wt cells, mutant LEC29 and LEC29.Lec32, and the mouse pituitary tumor cell line AtT20 and from murine brain, muscle, heart, and liver samples. mRNA (15 g per lane) was resolved on a 1% agarose formaldehyde gel and, after transfer to a nylon membrane, was developed with a digoxigenin-labeled RNA-probe, transcribed from the coding region of the CMP-Neu5Ac synthetase cDNA. 95 (1998) 
